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ABSTRACT 
 
Tip-enhanced Raman spectroscopy (TERS) is an emerging tool to characterize low-dimensional materials requiring high 
spatial resolution beyond light diffraction limit. The most extreme example of a spatially localized scatterer is that of a zero-
dimensional (0-D) system, e.g. a single molecule, a nanoparticle, or an individual defect within a crystal. Here, using an 
analytical model for near-field Raman scattering from point-like structures in the presence of a plasmonic metal probe, we 
investigate the TERS patterns of representative single molecules with arbitrary orientation, for a range of Raman tensor 
symmetries. The results can be used to determine the orientation of single molecules as well as to differentiate molecules with 
diverse Raman tensors, or, conversely, Raman modes with different Raman tensors from the same molecule. To demonstrate 
that the model is of general applicability to any spatially localized Raman modes, we further apply it to TERS imaging of 
individual point defects in graphene, unveiling the dependence of field enhancement and spatial resolution on the Raman mode 
symmetry, incident field polarization and angle of the near-field probe. 
 
 
 
 
 
 
 
 
 
I. INTRODUCTION 
 
Recent developments in nanotechnology have been supported 
by Raman spectroscopy as a non-destructive and versatile 
characterization technique for the study of nanomaterials. However, 
Raman spectroscopy, in its widely used confocal configuration, is a 
diffraction-limited technique which is often not suitable for the study 
of spatially localized scatterers, often encountered within a broad 
range of nanomaterials. Spatial confinement down to the nanometer-
scale gives rise to a variety of low-dimensional materials and 
structures, which can be classified as zero-dimensional (0-D), one-
dimensional (1-D) and two-dimensional (2-D) systems. Moreover, 
any nanometer disruption or alteration of translational symmetry in 
a crystalline bulk (i.e. 3-D) material can be regarded as a low-
dimensional structure itself, which may locally alter its vibrational 
properties or allow normally forbidden vibrational modes to 
participate in Raman scattering.  
Recently, near-field optical techniques have received a growing 
interest as a means to overcome the limitations of confocal Raman 
scattering1. In near-field Raman spectroscopy, typically, a metal 
probe acts as an optical antenna to convert the localized energy 
carried by the Raman near-field signal to an irradiating far-field 
signal (and vice	versa),	thus improving the spatial resolution down 
to the subwavelength regime1,2. Due to resonant excitation of surface 
plasmon polaritons on the metal probe, both the exciting and the 
scattered Raman fields are locally enhanced, improving the 
measurement sensitivity, in a similar fashion to surface enhanced 
Raman spectroscopy1,2. Such tip-enhanced Raman spectroscopy 
(TERS) has been used to characterize the Raman signatures of 0-D 
systems such as fullerenes under pressure3,  single molecules4–8, and 
have been widely applied to map localized Raman scatterers 
embedded in both 1-D and 2-D systems9–15. In particular, in carbon 
nanotubes, near-field studies have been reported on: structural 
defects16, semiconductor-to-metal transitions10, changes in 
electronic and vibrational properties near dopants17 and strain12. On 
the other hand, near-field optical spectroscopy is emerging as a 
valuable tool for the investigation of nanotubes’ 2-D counterpart, 
graphene, with a particular focus on disorder-induced Raman 
scattering at edges18. TERS has also recently enabled direct spatial 
location and enumeration of single point defects within a graphene 
layer 9.  
The ability to enhance and resolve extremely weak Raman 
scattering signatures is the ultimate goal of near-field Raman 
spectroscopy, and this is especially true for 0-D features, i.e. point 
scatterers. As a direct consequence, both the enhancement factor and 
the spatial resolution are key parameters to optimize; hence these are 
systematically determined in the vast majority of studies2. However, 
a near-field measurement can be influenced by several different 
factors which make the results highly dependent on the measurement 
conditions, i.e. probe-sample distance, experimental geometry, 
plasmonic properties of the probe, polarizability and dimensionality 
of the sample. Due to the variety and complexity of parameters to be 
taken into account it is often common to neglect these factors and to 
report the overall signal enhancement value only, thus hindering the 
comparability between different measurements.  
Numerical methods are often used to gain quantitative insight 
into the value of enhancement; however, such studies usually 
provide a strong emphasis on the modelling of the probe optical 
  
properties, neglecting the probe-sample interplay19. Simpler 
analytical approaches are instead preferred both for practical utility 
and because they allow a qualitative insight to the near-field 
mechanisms.  Analytical models have been published for bulk 
crystals20 and for 2-D21 and 1-D	22 systems, as reported by Novotny 
and co-workers, also highlighting the importance of coherence23,24.  
In this article, we study near-field Raman scattering by 0-D systems, 
using an analytical model which can be applied to nanomaterials, 
molecules, and localized Raman scattering processes occurring in 
crystals. The model is applied here to localized defect-induced 
Raman scattering occurring at point defects in graphene and to 
representative biological molecules. We uncover the interplay 
between probe angle, probe-sample distance and Raman mode 
symmetry, and we show how these affect the enhancement and 
spatial resolution.  
 
 
II.  THEORY 
 
In this section we outline a model for near-field Raman 
scattering 25–28 , applied to 0-D sources, with the purpose of gaining 
insight into the underlying principles behind the resulting 
enhancement and spatial resolution. 
The geometry used for the model is schematically depicted in 
Fig.1. When the probe-sample system is excited by an incident 
electric field, both the probe and the sample undergo multiple 
scattering events. The case of interest, which gives the most 
significant Raman signal at the detector, is the one where the 
following steps occur: (i) the incident field is enhanced by the probe, 
(ii) the enhanced field excites the sample, (iii) the excited Raman 
signal is enhanced by the probe and then collected.  
Using a dipole-dipole interaction model17 (see Supporting 
Information for further details), the collected field intensity I 
assumes the form 
 𝐈 ∝ #$%&$'($)* 𝛂, 𝜔. ⋅ 𝐆(𝐫′, 𝐫𝐳; 𝜔.) ∙ 𝛂9(𝜔., 𝜔) ⋅ 𝐆(𝐫𝐳, 𝐫:; 𝜔) ∙𝛂,(𝜔) ∙ 𝐄𝐢(𝐫, 𝜔) =, 
(1) 
where 𝐄𝐢 is the incident electric field, 𝛂,, 𝛂9 are the polarizabilities 
of the probe and of the Raman scatterer, respectively, 𝐆 the free 
space Green’s function. The terms ω, 𝜔., ε@, 𝑐,  are the incident 
electric field frequency, the Raman frequency, the permittivity and 
the speed of light in vacuum, respectively. Fixing the position of the 
Raman scatterer at 𝐫: = (𝟎, 𝟎, 𝟎), i.e. underneath the probe apex, Eq. 
1 can be simplified to 
  𝐈 ∝ DEF𝟏𝟔	 JKD 𝟏𝟐	 EN=	 	f 𝜔 	f 𝜔. =[cos 𝛾 cos 𝜃 + cos 𝛽 −𝜙 sin 𝛾 sin 𝜃	]= 	{4𝛼`` cos= 𝜃 − sin 2𝜃 𝛼b` + 𝛼`b cosϕ +𝛼=` + 𝛼`= sin ϕ + sin= 𝜃 [𝛼bb cos= ϕ + 𝛼b= +𝛼=b cosϕ sinϕ + 𝛼== sin= 𝜙]}= . 
 (2) 
 
The angles 𝛾, 𝜃, 𝛽, 𝜙, are depicted in Figure 1. Δ is the tip-surface 
separation, ρ is the radius of curvature of the tip and 𝛼gh are the 
components of the Raman tensor 𝛂9. From Eq. 2, we note that the 
Raman intensity is inversely proportional to the 12th power of probe-
sample distance, this dependence being steeper than that found in 1-
D 22 and 2-D 21 scatterers. We also note the presence of the factor 	 	f 𝜔 	f 𝜔. = which, for 	f 𝜔 ≅ 	 f 𝜔.  (usually valid for Raman 
scattering), reduces to	 	f 𝜔 j, usually identified as the overall 
enhancement factor in near-field Raman experiments. However, we 
note that if the Raman modes of interest have a rather large spectral 
separation, the wavelength dependence of the plasmons activated at 
the probe apex may start to play a non-negligible role on the different 
enhancement experienced by each mode. Additionally, the analytical 
formula shown here allows us to highlight the importance of taking 
into account both the probe dipole orientation and the Raman tensors 
in the interpretation of the experimental overall enhancement 
factors, which may vary significantly depending on these properties.  
 
 
III. POINT DEFECTS IN GRAPHENE AND SP2 CARBON 
MATERIALS 
 
Motivated by the general interest in Raman characterization of 
defective  graphene29 and other 2-D materials30, and in particular by 
our recent experimental report on the nanoscale mapping of 
individual point defects9, in this section we apply the model 
presented in section II to point defects in graphene, which may be 
regarded as 0-D scatterers. We briefly recall the origin of the main 
Raman peaks in graphene. The G-peak is associated to Γ-point 
optical phonons (i.e. the center of the Brillouin zone) and it is due to 
in-plane vibrations of carbon pairs 31 . The D-peak is associated to 
transverse optical phonons at the K-point (away from Γ); therefore 
it is not normally activated in pristine graphene31. However, it can 
become active due to a double resonance mechanism aided by the 
breaking of translational symmetry of the crystal, i.e. in the vicinity 
of edges or defects31. Spatially, the D-peak is highly localized at the 
edges or defects within 2-3 nm from the defective structure9. For 
example, the D-peak can be spatially localized in a nanometer-sized 
area around a vacancy point-like defect, which de facto acts as a 
point Raman source for the typical spatial resolution of near-field 
spectroscopy (≈20 nm).  
In Fig.2 we show the spatial Raman maps arising from the D-
peak of a point defect in graphene, computed using Eq. 1, for 
different orientations of the incident field and of the probe. We fixed 
the azimuthal angles ϕ=β=0° and the electric field angle γ=30°, 
whilst moving the angle of the probe, 𝜃, in the xz plane. The intensity 
is calculated by varying the position of the point defect in the xy 
plane, i.e. 𝐫′. In the computation we used the Raman tensor for the 
A1g symmetry associated to the D-peak: 
 𝛂m(𝜔., 𝜔) = αm 1 0 00 1 00 0 0   ,                    (3) 
 
where αm is a constant, and 𝐱, 𝐲 and 𝐳 were fixed as the principal 
axes of the crystal. For the curvature radius of the probe apex and for 
the probe-scatterer distance we used typical experimental geometry 
parameters, i.e. ρ=20 nm and Δ=1 nm, respectively.  
As shown in Fig. 2, when the probe is perpendicular to the 
sample (𝜃 = 0°), the TERS intensity pattern resembles a circular 
ring. For a slight tilting angle, which is inevitably present in 
experimental conditions32, an asymmetry starts developing in the 
TERS pattern which becomes a single (and slightly asymmetric) 
peak for the probe approaching a direction parallel to the sample. 
The image shape is independent on the electric field orientation (i.e. 
β and γ)  whose only role is to affect the efficiency of the excitation 
of the probe dipole, and therefore the overall TERS intensity. We 
note also that the patterns obtained in Fig. 2 reflect the probe dipole 
field distribution, and in particular the intensity of the in-plane 
electric field component incident on the sample. This is due to the 
structure of the A1g Raman tensor applied here, where only the 
diagonal components are not zero. In general, more complex shapes 
are expected for different Raman tensors (see Sec. IV). 
  
In the literature it is often assumed that the resolution of a TERS 
image is equivalent to the extent of electric field enhancement 
around the probe or the probe apex radius19. From the patterns 
calculated with the model we find that the resolution is greatly 
affected by the probe angle, a phenomenon neglected in literature so 
far, yet in experimental studies the probe is seldom oriented normal 
to the sample surface32. For example, in our calculation, the spatial 
extent of the near-field Raman signal (which, in practice, 
corresponds to the mapping resolution) ranges between ~2(Δ+ρ) for 𝜃 = 0° (ring-like map) and ~(Δ+ρ)/2 for 𝜃 ≅ 90° (a single 
maximum), as shown in the line profiles of Fig. 2. Moreover, in the 
case of highly tilted probes (large 𝜃), the intensity maximum occurs 
when the location of the probe is shifted from that of the scatterer. 
Fig. 3 shows the dependence of the maximum TERS intensity 
that can be obtained in a single map on the respective orientation of 
the probe and electric field. We first analyze the effect of the tilting 
angles for the electric field and the probe, by keeping the azimuthal 
angles fixed (ϕ=β=0°). In order to maximize the intensity, the 
condition  γ ≅ 	𝜃 needs to be satisfied for high tilting angle of the 
electric field (γ → 90°). When γ is lowered, the maximum intensity 
is achieved for 𝜃 increasingly higher than γ, and, in the limit γ = 0°, 
it is achieved for 𝜃 ≅ 20°. This trend arises as a consequence of the 
trade-off that needs to be reached between the condition of 
maximum enhancement of the exciting light (γ = 	𝜃) and of the 
Raman scattering (𝜃 = 90° for in-plane modes). Therefore, given a 
certain excitation incidence, the angle of the probe needs to be 
calibrated taking the polarizability of the sample into account. We 
note that in the available literature it is often assumed that probe axis 
and incident electric field need to be aligned33 and the effect 
introduced by the specific Raman tensor is neglected. For the sake 
of completeness we also show in Fig.3b the relation between the 
maximum TERS intensity and the azimuthal angles of the probe and 
the electric field (that is, their orientation with respect to one another 
and to the Raman tensor principal axes), which needs to satisfy the 
condition ϕ=β in order for the enhancement to be maximized. We 
note that the graph is plotted by keeping 𝜃 = γ = 45° fixed; 
however the shape of the plot is independent of these angles 
We note that knowledge of the orientation of the incident electric 
field at the probe axis (𝐄𝐢 𝐫𝐳, 𝜔  in Eq.1) is required in order to 
compute correctly the relative Raman intensity when the probe angle 
is varied. However, although a focused laser beam is characterized 
by a dominant polarization of the electric field, a distribution of 
polarizations occurs on the focal plane of a highly focused Gaussian 
beam 23. As a consequence, the polarization of 𝐄𝐢 𝐫𝐳, 𝜔  is dependent 
on the alignment of the probe apex with the focused laser beam. 
From the experimental point of view, the probe apex can be 
illuminated sideways by a linearly polarized beam (reflection mode), 
or through a transparent substrate by a tightly focused radially 
polarized beam (transmission mode). The field strength of the 
spurious component of 𝐄𝐢 will depend on the numerical aperture NA 
of the objective lens and on the index of refraction n of the medium. 
To discuss the contribution of the spurious components, we can 
analyze the case of NA=1.4 and n=1.5, and a beam waist matching 
with the back aperture of the objective. For an x-polarized focused 
Gaussian beam, in the worst case scenario34 (i.e. the case when the 
deviation from the dominant polarization is highest, occurring in 
specific points within the focal plane), we have |Ew|= ≅ 0.003	|Ez|= 
and |E{|= ≅ 0.12	|Ez|=. When a radially polarized beam is focused, 
the center of the focal spot is dominated by the component	E{, 
whereas the intensity of the transverse component E|| dominates as 
one moves away from the center, in a ring-like shape. In the worst 
case scenario, one has34 |E|||= ≅ 0.3	|E{|=. In practice, the 
orientation of 𝐄𝐢 can be affected by misalignment more effectively 
when radial polarization is used in comparison to linear polarization.  
 
IV. EFFECT OF RAMAN TENSOR ON NEAR-FIELD 
RAMAN MAPPING: BIOMOLECULES 
 
        In this section, the model presented in section II is extended to 
the study of the Raman tensor of a generic 0-D scatterer, 
demonstrating how the symmetry of the Raman tensor is reflected in 
the near-field map. For the sake of simplicity, the probe is kept fixed 
and oriented along the z-axis, whereas the Raman tensor is varied. 
For the scope of the discussion presented in this section, the 
orientation of the incident electric field is not strictly relevant, as it 
will influence only the near-field Raman intensity and not the spatial 
form of the near-field maps. We will consider a general diagonalized 
Raman tensor of the form 
 𝛂9@(𝜔., 𝜔) = 𝛼b 0 00 𝛼= 00 0 𝛼`                        (4)  
 
with respect to a set of principal axes x’, y’ and z’, of the particular 
Raman active mode, such that the Raman tensor can be expressed 
using a transformation matrix 𝐑 as: 
 𝛂9(𝜔., 𝜔) = 𝐑𝐓 ∙ 𝛂9@ ∙ 𝐑 .                       (5) 
 
For our purposes only the relative magnitude of the tensor elements 
are relevant, therefore we define  
 𝑟b = E  and   𝑟= = F ,                     (6) 
 
which totally describe the Raman tensors. A possible graphical 
visualization capturing 𝛂9@ 	, can be constructed by plotting the 
polarized Raman intensity24 
 𝐼 = |𝐞 ∙ 	𝛂9@ ∙ 𝐞|2                              (7) 
 
where 𝐞 is a unit vector rotating in the xyz space. In other terms, the 
spatial plot of I could be generated with an ideal experiment where 
the excitation and collection polarizers, are varied in all the 
directions, while kept parallel to each other. 
     Biomolecules are of particular interest for TERS, which could be 
used to distinguish individual DNA and RNA bases35,36. DNA bases 
are a valuable example for our purpose, as they have planar 
structures and can be deposited flat on a surface. In Fig. 4 we present 
calculated TERS maps of the four DNA bases (adenine, cytosine, 
guanine, thymine), along with another widely studied molecule, 
tyrosine. We have also calculated the TERS map for the peptide 
amide III band. The principal axes (blue and red arrows), and the 
corresponding values of r1 and r2 for specific Raman modes 
(indicated by the blue and red numerical values, respectively), are 
also shown in Fig. 4, as reported in polarization studies which can 
be found in literature37.  
      For each Raman mode of the selected molecules, we report both 
the spherical plot of Eq. 7, and the spatial TERS map computed using 
Eq. 1. We note a qualitative resemblance between the two spatial 
distributions of the plots, which allows us to gain information about 
the structure of the Raman tensor giving rise to a specific vibration 
in a molecule, via inspection of the spatial TERS map 
experimentally acquired on the molecule.  
    The determination of Raman tensors of molecules is not usually 
straightforward. An experimental method37,38 to determine the tensor 
elements requires polarized measurements on a crystalline molecular 
structure, as well as calculation of the depolarization ratio, as given 
by cross-polarized measurements on randomly oriented molecules39. 
This approach makes the determination of the principal axes of the 
molecule as well as its tensor elements possible, however multiple 
measurements on different samples may be required. On the 
  
theoretical side, ab initio molecular orbital calculations can also be 
employed40,41. In contrast, here we have shown that the symmetry of 
the Raman tensor can be qualitatively inferred by acquiring the near-
field intensity map of its related molecular vibration. 
      We note that the validity of our framework holds under the 
assumption of non-resonant Raman scattering. Ref.42 has reported 
the onset of modifications in the symmetry of the Raman tensors of 
molecules, induced by resonance or near-resonance conditions. This 
was ascribed to the fact that resonance phenomena can modify the 
molecule depolarization ratios, hence the intrinsic symmetry of the 
Raman modes. The Raman tensors used in our work are those 
obtained in off-resonance conditions, while Raman tensors 
determined in conditions of resonant excitation may have a different 
symmetry and are not discussed here.  
 
V. TIP-ENHANCED RAMAN SCATTERING AND 
FLUORESCENCE – A QUALITATIVE COMPARISON 
 
The TERS patterns presented in Section III-IV share qualitative 
analogies with the near-field fluorescence images of molecules and 
quantum dots; however, it is important to emphasize that the 
physical mechanism involved in these two optical processes is 
intrinsically different. Fluorescence imaging  has been reported in 
the literature using near-field techniques such as near-field scanning 
optical microscopy (NSOM)43 and tip-enhanced fluorescence44.  
        NSOM utilizes a sub-wavelength aperture at the end of a fiber 
guiding the exciting light, whose polarization determines the 
fluorescence intensity pattern. In tip-enhanced fluorescence 
microscopy, the intensity patterns are determined by the near-field 
generated by a sharp probe which is, to a good approximation, a 
dipolar field32. As a consequence, the intensity patterns in tip-
enhanced fluorescence are less dependent on the spatial envelope of 
the incident field, as long as there is a sufficient z-component of 
polarisation in the incident field to induce a strong field 
enhancement. We also note that metal probes, when placed in close 
proximity to a molecule (at a distance of few nanometers), can 
decrease the molecular quantum yield, resulting in a quenching of 
fluorescence45,46 and quantitatively affecting the tip-enhanced 
fluorescence patterns. 
        Moreover, while a fluorescent molecule is described well by a 
single dipole, which can be described by a uniaxial tensor, the case 
of Raman scattering is qualitatively more complex. Here we have 
calculated the Raman intensity patterns of molecules for a range of 
Raman tensor and have demonstrated that the symmetry of the 
Raman tensor has a significant impact on the TERS intensity pattern. 
The differences between the intensity patterns of molecules with 
different Raman tensors are distinctive, and this can potentially be 
used to distinguish different molecules with different types of 
Raman tensors, or even different Raman modes within the same 
molecule. 
        
 
 
 
 
VI. CONCLUSION 
 
In conclusion, we have studied the tip-enhanced Raman scattering 
patterns of zero-dimensional sources, such as localized Raman 
modes within a crystal, molecules, nanoparticles etc. We first 
applied a model based on dipole-dipole interaction to the study of 
the Raman D-peak originated from point defects in graphene, carbon 
nanotubes and sp2 carbon materials in general. The optimal angle of 
the probe (maximizing the enhancement) is found to be dependent 
not only on the excitation incidence, as commonly accepted, but also 
on the Raman polarizability. The TERS patterns were also found to 
be sensitive to the probe orientation, thus determining the spatial 
resolution. The model was then applied to the study of representative 
biological molecules with a fixed, but arbitrary, orientation and for 
a range of Raman tensor symmetries. The results can be used to 
determine the orientation of single molecules and differentiate 
molecules with diverse Raman tensors, or Raman modes with 
different Raman tensors from the same molecule. 
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Fig. 1 Schematics of the model, representing a near-field probe on a 
0-D Raman scatterer. Δ is the distance between the probe and the 
plane xy, where the 0-D Raman scatterer is located. In yellow is the 
probe apex, described by a curvature radius ρ. r’ and rz indicate the 
location of the 0-D Raman scatter and the center of the probe apex, 
respectively. p and p’ are the dipole moments at the probe apex (see 
Supporting Information), aligned with the probe axis, and described 
by the angles θ and f with respect to the z and x axes, respectively. 
Ei is the incident field described by the angles γ and β relative to the 
z and x axes, respectively . 
 
 
 
Fig. 2 Calculated near-field intensity maps of Raman D-peak from 
an individual point defect in graphene, for a probe of apex radius ρ 
=20 nm, angles of the incident electric field γ=30° and β = ϕ.  The 
angle θ is equal to (a) 0° (b) 20° (c) 45°. In the bottom-right sections 
of each panel, the relative line profile corresponding to the dotted 
lines are indicated. Yellow symbols in the bottom panels indicate the 
point where the probe apex and the point defect are aligned along the 
z-axis. Relative intensities are reported in the bottom left of each 
figure. 
 
 
 
 
Fig. 3 Calculated maximum intensity from near-field D-peak Raman 
maps of an individual point defect in graphene, as a function of the 
(a) inclination angles and the (b) azimuthal angles of the probe and 
the electric field. In (a) the optimal inclination angle of the probe, 
given a certain inclination angle of the electric field, is marked by 
the white dotted line. The black dotted line indicates the condition 
corresponding to  γ = 	𝜃. 
 
 
  
 
 
 
Fig. 4. Near-field Raman maps of different bands in biomolecules (Adenine, Cytosine, Guanine, Thymine, Tyrosine and peptide Amide III) 
and the corresponding 3D representation of the Raman tensor. Principal axes x and y and the corresponding tensor elements, as reported in 
Ref.37,  are indicated in blue and red respectively. 
 
 
